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I. INTRODUCTION
Ludwig-Soret effect, also known as thermal diffusion or thermophoresis in the case of colloidal particles, describes the transport of mass which is induced by a temperature gradient. [1] [2] [3] For polymer solutions, under a stationary temperature gradient, the macromolecules migrates to the cold or the warm side of the fluid and form a stable concentration gradient. The magnitude of the Soret coefficient of polymers is much larger than that of the mixtures composed of small molecules.
This fact provides a practical application of polymer separation, e.g., thermal field-flow fractionation (thFFF) which has been applied for characterization of polymer solutions. [4] [5] [6] Although the Ludwig-Soret effect of fluid mixtures has been studied for a long time since the exploring works of Ludwig and Soret, the understanding of the molecular mechanisms of the phenomena is still lacking. For complex systems such as polymer solutions and colloidal suspensions, there is no complete theory to predict the direction of the solute molecules in a temperature gradient. 7, 8 Only specific aspects as the interaction contribution or charge effects in highly diluted solutions of colloidal dispersions have been considered so far.
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The Ludwig-Soret effect for a binary fluid mixture is described by the flux J 1 
Here, ρ is the density of solution, D the translational mass diffusion coefficient, D T the thermal diffusion coefficient, w the mass fraction of component 1, and T the temperature. In a steady state where the mass flow vanishes (J 1 = 0), the concentration gradient is given by
where S T = D T /D is the Soret coefficient. The sign of the Soret coefficient indicates the direction of the flux of component 1. The positive sign of S T means that the component 1 migrates to the cold side. In general for organic polymer solutions, the polymers due to their heavier mass and larger size compared to the solvent molecules move to the cold side. [16] [17] [18] [19] Some aqueous solutions of polymers show negative Soret coefficients, which correspond to a migration of the polymers to the warm side. [20] [21] [22] [23] [24] [25] It has been revealed that a sign of S T of the polymer in solution can occur as function of the solution temperature as well as of the solvent composition. [26] [27] [28] [29] [30] For liquid mixtures composed of small molecules thermally induced sign change of S T have been studied by several researchers [31] [32] [33] [34] sign from negative to positive with increasing temperature for ethanol/water mixtures with a high ethanol content, while S T is always positive for PEO in pure water. A similar temperature dependence of S T has been observed for dextran in water. It shows a negative value at room temperature while it is positive at higher temperatures. The addition of urea to the aqueous solution of dextran increases S T and sign changes occurs at lower temperatures. The reason is probably that the addition of urea destroys the hydrogen bonding network. 24 Thermally induced sign changes of the Soret coefficient can also be found in biological polymers, proteins, DNA and polysaccharide.
Piazza and coworkers found the sign change of lysozyme solutions 23 and Braun and coworkers revealed the sign change aqueous solutions of DNA. Poly(N-isopropylacrylamide) [PNiPAM] is one of the water soluble polymers, which has been studied systematically in water and in mono-alcohols. 25, 28, 43 PNiPAM in water has a Θ-temperature of 30.6
• C where the second virial coefficient is zero. At the lower temperatures water is a good solvent, while it becomes a poor solvent above the Θ-temperature. The temperature dependence of S T shows a strong enhancement at the Θ-temperature but the sign of S T is always positive. 43 While for PNiPAM in ethanol solution, S T of PNiPAM decreases with temperature and changes the sign at 34
• C from positive to negative. 28 Here, it should be noted that PNiPAM in ethanol is so far the only system, with a negative slope for the temperature dependence of S T . 
Methods.
The experimental setup of TDFRS has been described in detail elsewhere. 45, 46 Light scattering (LS) experiments were carried out in an angular range of 25
He-Ne laser with a wavelength of λ = 632.8 nm was used as light source. The intensity correlation function g (2) (t) was destected with a ALV-6000E correlator. The measurements were carried out in a temperature range from 20 to 55
• C. The temperature of the sample cell was controlled by a circulating water bath with an uncertainty of 0.02 • C. All samples were kept at the measurement temperature for at least one hour to ensure thermal equilibrium before starting the data acquisition.
The refractive index increments with respect to the mass fraction (∂n/∂w) and to the temperature (∂n/∂T ) need to be determined for evaluation of S T and D T in the TDFRS experiment as described in Eq. 3. Here, w indicates the mass fraction of the polymer in solvents. The value of (∂n/∂c) is also required for the analysis of the static LS data. The refractive index increments (∂n/∂T ), (∂n/∂w) and (∂n/∂c) of pullulan in water and in DMSO were measured with a scanning
Michelson interferometer operating at a wavelength of 632.8 nm. 47 All experiments for the determination of the increments were carried out at the room temperature. The value of (∂n/∂T ) for 
III. WORKING EQUATION
The normalized heterodyne signal intensity of TDFRS experiments, ζ het (t) is related to the Soret coefficient S T and translational diffusion coefficient D as follows:
Here, t is the time, n the index of refraction, q the scattering vector.
For dilute polymer solutions the Rayleigh ratio R(θ) of LS experiments is expressed by
where
, A 2 the second virial coefficient and c the concentration of the polymer. The autocorrelation function of the scattered light g (2) (t) is related to the electric field autocorrelation function g (1) (t) by the Siegert relation
where B and β are the baseline and a machine constant, respectively. In general, g (1) (t) is expressed with the distribution function G(Γ) of the decay rate Γ as
Here, G(Γ) dΓ = 1. That is, g (1) (t) is the Laplace transform of G(Γ). The cummulant expansion is used to obtain average decay rateΓ,
whereΓ= ΓG (Γ)dΓ and µ i is the i-th cummulant defined as
The average decay rate has the relationΓ 
where k B is the Boltzmann's constant and η the solvent viscosity.
IV. RESULTS AND DISCUSSION
Laser Light Scattering.
In order to characterize the solution properties of pullulan in water and in DMSO, we per- The inset shows the average decay rateΓ as a function of scattering vector q 2 .
polydispersity index of µ 2 /Γ 2 ≈ 0.3 as shown in Table II . The inset of Figure 2 shows the average decay rateΓ as a function of the scattering vector q 2 . The obtained parameters such as translational diffusion coefficient D 0 , hydrodynamic radius R h , and others in Eqs. 8 and 9 are shown in Table II .
The LS experiments revealed that the molecular parameters of pullulan in water and DMSO show no significant temperature dependence. In the investigated temperature range the averaged expansion factor R g /R h of the polymer chain is R g /R h = 1.7 and 1.6 for water and DMSO solutions, respectivelyWhat is the accuracy?. This result is typical for flexible coils in a good solvent with a broad molecular weight distribution. Our results are also in good agreement with previous reports. 48, 49 In the investigated temperature range the averaged second virial coefficient is A 2 = 1.6 × 10 −4 cm 3 mol g −2 for pullulan in water and A 2 = 4.1× 10 −4 cm 3 mol g −2 for pullulan in DMSO. Therefore, both solvent can be regarded as good solvents. The chain dimensions and the interactions are constant in the investigated temperature range.
With the DLS measurements we determined the translational diffusion coefficient D 0 as function of the temperature. As shown in Fig. 3 the logarithm of D 0 decreases linearly as function of the inverse temperature. The magnitude of the diffusion coefficient of pullulan in water is larger than that of pullulan in DMSO due to the difference in the solvent viscosity (η water = 0.89 and η DMSO = 2.00 mPa·s at 25
• C). The slope is the same for both solutions and the temperature dependenc can be described by a Arrhenius type equation as and R g /R h are constant in the investigated temperature range for pullulan in water and in DMSO.
A similar behavior has also observed for solutions of PNiPAM in ethanol, where the Soret coefficient also changes its sign, while the solvent quality is good for all investigated temperatures. 28 These results indicate that the temperature dependence of the Soret coefficient has no direct correlation with the solubility properties determined by LS under homogeneous temperature conditions. This oberservations are in contrast with the results for polyethylenoxide (PEO) in ethanol/water mixtures. For this system a negative Soret coefficient in mixtures with a low water content correlates with bad solvent conditions. While a positive Soret coefficient in pure water corresponds with good solvent conditions. 22 In general, an increase of solution temperature weakens the formation of hydrogen bondings, thus the negative sign of S T might be correlated with the solvation of water. This hypothesis is supported by the observations for pullulan in DMSO, which is a polar aprotic solvent not forming hydrogen bonds with the polymer. Here we do not observe a significant temperature dependence of S T . A similar behavior of S T was reported in another polysaccharide solution, dextran in water, which was the first reported polysaccharide system for which the thermal diffusion has been studied and which shows a sign change with temperatur. 24 Dextran is mainly composed of α- The sign change temperatures of the aqueous solutions of pullulan and dextran are at 41.7 and 45.0
• C, which is much higher than the temperature, T = 4 • C, with the largest density of water.
For aqueous polysaccharide solutions we do not find a correlation between the thermal expansion coefficient of the solvent and the sign change temperature as suggested by Brenner.
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The curves describing the temperature dependence of S T in Fig. 6 were obtained by a least squares-fit to the empirical equation proposed by Iacopini and Piazza as
Here, S ∞ T represents a saturation value of S T at high temperatures, T inv is the temperature where S T changes the sign, and T 0 indicates to the strength of temperature effects. The obtained parameters of the pullulan and the dextran solutions are tabulated in Table 2 . Furthermore, the parameters of S ∞ T , T inv , and T 0 obtained for several polymers, which show a sign change of S T were collected from literatures and are listed in Table II . As shown in the list, a sign change of S T with temperature has been found for some proteins, lysozyme, β-lactoglobuline [BLGA] and poly(L-lysyne), as well as DNA and synthetic polymers, sodium ploy(styrene sulfonate), PEO, and PNiPAM. The solvents, experimental temperature range, and the other experimental conditions are listed together with the references in Table II. The systems can be divided by the temperature dependent slope of S T into two groups.
In the first group with a positive slope includes PEO/water/EtOH, PNiPAM/tert-BuOH, NaPSS/NaCl/water/, pullulan/water, dextran/water, dextran/urea/water/, lysozyme/salts/buffer solution/, BLGA/NaCl/buffer solution, and DNA/buffer solution. The second group with a negative slope of S T as a function of temperature consists of PNiPAM/MeOH, PNiPAM/EtOH, PNi-PAM/propanols, and PNiPAM/1-BuOH. Rigolousely speaking, some of them do not show a sign change in the experimentally investigated temperature range T e , but the extrapolated values of sign change temperature could be obtained by a least-square fit to Eq. 13 as listed in Table II . In the case of pullulan/DMSO it is hardly to say, whether there it has a sign inversion temperature, because the system will freeze before it is reached. An overview of all systems is shown in Fig. 7, which shows S T as function of temperature for the various diluted or semidiluted polymer solutions. For clarity the figure as been splitted in Fig. 7(a) and Fig. 7(b) . Here, numbers in the figure refer to the systems as shown in Table II. -----------------Theoretically the temperature dependence of the Soret coefficient is proportional to 1/T 2 for binary mixture. 37, 51 For aqueous solution a sign change of S T is related to the thermal expansion of water. 44, 52 Systematic experiments for low molecular mixtures show that the Soret coefficient is proportional to the temperature. Table II . The numbers refer to the systems which are mentioned in Table II 
